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Coil Expansion upon Protonation

ABSTRACT: A series of weakly basic random copolymers composed of 2-(dimethylamino)ethyl
methacrylate (DMA) and poly(ethylene glycol) methyl ether methacrylate (PEGMA) were i PH‘ % 1@,
synthesized to investigate the influence of charge on their solution behavior. The random //Q)C ﬁ 7 giben 2
comonomer distribution was confirmed via 'H NMR spectroscopy by calculating reactivity ratios —/D
and monitoring reaction kinetics. Their pH-responsive behavior was characterized by acid—base Rg_’ —R—
titration and zeta potential analysis, revealing a direct correlation between degree of protonation and @ = E_'(\ ®- E‘"‘”
copolymer charge density. Dynamic light scattering (DLS), transmission electron microscopy

(TEM), and small-angle X-ray scattering (SAXS) studies revealed acid-induced changes in coil size and conformation, driven by
intrachain electrostatic repulsion. Fitting SAXS data to a wormlike chain model combined with a polymer reference interaction site
model (WLC-PRISM) enabled quantification of key parameters such as Kuhn length, interaction strength, and effective interaction
distance to investigate the backbone flexibility and charge interactions. Higher degree of protonation led to more rigid, expanded
coils, while salt screening reduced electrostatic interactions and coil dimensions. Concentration-dependent structural analysis
highlighted interchain repulsion in the dilute regime, and structure factor scaling agreed with prior polyelectrolyte studies. Gel
Permeation Chromatography — Multi-Angle Laser Light Scattering (GPC-MALLS) confirmed charge-induced coil swelling across a
range of molecular weights. In summary, a WLC-based framework, when combined with PRISM-type interaction terms, provides a
consistent and physically meaningful description of chain conformation for this class of weakly charged random copolymers within

the explored pH, ionic strength, and concentration ranges.

B INTRODUCTION

Polyelectrolyte contain charged groups distributed along their
backbones. Most linear polyelectrolytes are soluble in aqueous
media: applications 1nclude water treatment, " drug delivery,”*
colloidal stabilization,”® battery electrolytes, and fundamen-
tal studies of various biological processes © Nevertheless, our
understanding of polyelectrolyte behavior remains incom-
plete.'"'* Polyelectrolytes comprise both charged polymer
chains and their associated counterions, which exhibit a rich
and complex behavior driven by long-range electrostatic
interactions (both intra- and interchain), short-range steric
interactions and conformational entropy. As a result, the
characterization and description of aqueous solutions of
polyelectrolyte remains one of the most challenging topics
within the field of soft matter.

The conformation of polyelectrolyte chains is determined by
various complex interactions, including electrostatics,"> hydro-
gen bondlng, polymer—solvent interactions,"® excluded
volume effects,"®™"® and covalent chain connectivity.'” These
complex interactions have substantial influence on chain
flexibility. In general, polyelectrolyte backbones are less flexible
than nonionic polymers owing to intrachain electrostatic
repulsion, which leads to an expanded chain conformations in
dilute solution.'* Electrostatic interactions are typically
dominant but the strength of such interactions may be

© XXXX The Authors. Published by
American Chemical Society
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modulated by adjusting salt concentration and pH. For
example, the addition of salt screens long-range electrostatic
repulsion, which results in chain contraction and reduced
stiffness.”** In addition, the solution pH affects the charge
density of weak polyelectrolytes, thereby affecting their chain
conformation.™

In dilute solution, the effective interactions between
polyelectrolyte chains can be quantified by the second virial
coefficient A, which provides a thermodynamic measure of
interchain interactions.”* For polyelectrolytes, A, is strongly
influenced by long-range electrostatic interactions and there-
fore depends sensitively on charge density and ionic strength.'”
Classical descriptions based on screened Coulomb interactions
predict an increase of the electrostatic contribution to A, with
decreasing ionic strength, while charge regulation and
counterion condensation can lead to deviations from ideal
scaling behavior.””™** As such, analysis of A, offers a
complementary perspective to single-chain conformational
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parameters, linking intrachain electrostatics to interchain
interactions in dilute polyelectrolyte solutions.

Understanding the structural characteristics of polyelectro-
lytes, particularly the relationship between chain conforma-
tions, charge distribution, and ionic strength, remains a
complex challenge. Extensive investigations have been carried
out over several decades using experimental methods,””*
theoretical models,”"* and computer simulations.”””* Small-
angle scattering (SAS) techniques (neutron, X-ray or light) are
commonly employed to study polymer chain conforma-
tion.>> ™% However, the relatively low X-ray scattering contrast
of synthetic polyelectrolytes limits the data quality that can be
obtained in such experiments.”® Consequently, theoretical
modeling has become an essential tool for investigating
polyelectrolyte behavior in solution.

The worm-like chain (WLC) model, also referred to as the
Kratky—Porod model, is widely used to describe the
conformational behavior of semiflexible polymers in solution.
However, in its classical form it is only applicable to stiff
chains, for which the self-avoidance is neglected.39 More recent
derivations incorporate excluded-volume effects and are
therefore applicable to semiflexible polymers in good
solvents."”*" This model has been successfully apglied to
liquid crystalline polymers and conjugated systems."”~** For
example, Murnen et al. investigated the chain conformations of
synthetic polypeptoids comprising repeat units bearing various
acidic group using small-angle neutron scattering (SANS) and
found a reduction in the mean persistence length with
increasing salt concentration.”> The radius of gyration (Rg)
was obtained from a Guinier fit to the data or calculated from
the contour length (L) and Kuhn length (b) using the WLC
model.*>*” The WLC model also allows calculation of the end-
to-end distance (R,.), which can also be determined usin%
double electron—electron resonance (DEER) spectroscopy.”
These two parameters are essential for a comprehensive
description of the chain conformation and aqueous solution
behavior.**

In the WLC model, semiflexible chains adopt rigid rod-like
conformations when the Kuhn length exceeds the contour
length. In this case, the end-to-end distance is approximately
equal to the copolymer contour length. This behavior is
typically observed for semiflexible polymers with relatively low
molecular weights. For longer chains, more flexible coil
conformations are adopted with an intrinsic chain stiffness,
resulting in the following equation that links R, and contour
length using Kuhn length, which is mathematically double to
persistence length (1,):"

RZ = Lb|1 — L)
2L (1)

2 . . 2 .
where the R;, is equivalent to 6R_ for a Gaussian copolymer

coil as the chain length tends to infinity. Note that this
expression neglects excluded volume effects.

Although the physical properties of synthetic weak
polyelectrolytes have been extensively examined in aqueous
solution, the influence of charge density on chain conformation
is not well understood. Furthermore, there are relatively few
studies that combine scattering techniques, structural analysis,
and theoretical modeling.30’45’ ° However, a framework does
exist, namely the works of Pedersen et al. employing of Monte
Carlo simulations to explore the properties of worm-like chains
with both excluded volume and screened Coulomb inter-

actions in single and multichains systems.'”**>*>" Although
such models were chosen to describe wormlike micelles in
aqueous solutions, the length scales and other physical
parameters are not far removed from those of synthetic
polymers, sugzgesting that this model should be more widely
applicable.*"”

Herein, the effect of varying the mean degree of protonation,
polymer concentration, salt concentration, and copolymer
composition on the chain conformation of hydrophilic cationic
copolymer chains in aqueous solution was systematically
investigated. The chains are weakly basic random copolymers
with one of the repeat units bearing a hydrophilic polyethylene
glycol (PEG) pendant group, which ensures water-solubility
for the neutral (uncharged) chains. More specifically, a series
of methacrylic random copolymers were synthesized via
reversible addition—fragmentation chain transfer (RAFT)
copolymerization of 2-(dimethylamino)ethyl methacrylate
(DMA) with poly(ethylene glycol) methyl ether monometha-
crylate (PEGMA) to produce a broad range of comonomer
compositions with relatively narrow molecular weight dis-
tributions. In addition, analogous polydisperse polymers were
synthesized via conventional free radical polymerization to
explore whether our findings were also applicable to
polydisperse polyelectrolytes.

The chain conformations of these weak cationic polyelec-
trolytes were characterized at varying degrees of protonation
using small-angle X-ray scattering (SAXS) in relatively dilute
aqueous solution to assess the influence of electrostatic
interactions. Characterization of the uncharged copolymer
coils was performed using the Gaussian chain model and the
WLC model with excluded volume effects. Scattering data
obtained for charged polymer chains were analyzed using (i) a
particle structure factor for screened Coulomb interactions in
the mean spherical approximation (MSA) and (ii) expressions
similar to the polymer reference interaction site model
(PRISM) derived from Monte Carlo simulations.”>~>> Such
models provide satisfactory data fits over a wide g range for
various copolymer concentrations and charge densities, which
has rarely been done.>

B RESULTS AND DISCUSSION

Synthesis and Characterization

A series of P(DMA-stat-PEGMA) copolymers of varying DMA
content and molecular weight was synthesized in ethanol by
RAFT copolymerization of DMA with PEGMA (see Scheme
1). CPDB and AIBN were used as the chain transfer agent and
initiator, respectively. The [CPDB]/[AIBN] molar ratio was
maintained at 4.0 for all copolymerizations to ensure efficient
chain transfer between the propagating copolymer radicals.

Scheme 1. Synthesis of P(DMA-stat-PEGMA) Random
Copolymers by RAFT Statistical Copolymerization of DMA
with PEGMA in Ethanol, Using CPDB as the RAFT Agent
and AIBN as the Initiator to Produce a Series of Water-
Soluble Copolymers with Tunable Degrees of Protonation
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Table 1. Summary of Comonomer Conversions, Compositions and Molecular Weights for Two Series of P(DMA-Stat-

PEGMA) Random Copolymers

'H NMR“ DMF GPC” Aqueous MALLS®
Sample ID DMA/mol % Conversion DP M,,/g-mol™! b M, ps/g-mol ™! dn/dc/mL-g™"
PD9010:150 10 63% 158 37,300 1.35 44,000 0.1235
PD8020:150 21 57% 143 34,100 1.35 41,300 0.1266
PD7030:150 29 59% 148 34,300 1.34 37,800 0.1294
PD6040:150 38 61% 153 31,800 1.33 36,900 0.1330

“Copolymer composition, conversion and DP were determined by "H NMR spectroscopy in CDCl,. “Weight-average molecular weights (M,,) and
dispersities (D) obtained by GPC analysis in DMF containing 0.02% w/w LiBr. “Absolute weight-average molecular weights (M, .,,) and refractive
index increment (dn/dc) values determined by MALLS and dRI analysis using aqueous eluent (pH 10) comprising 0.10 M NaNO;, 0.02 M TEA,

0.05 M NaHCOj3, and 0.02% w/w NaNj.
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Figure 1. (a) Comonomer conversion as a function of time for the RAFT copolymerization of DMA with PEGMA (target DP = 250; target DMA
content = 20 mol %) conducted at 70 °C, as determined by '"H NMR spectroscopy. (b) Pseudo-first order kinetic plots.

RAFT polymerization enabled the synthesis of copolymers
with relatively narrow molecular weight distributions and
precisely controlled target molecular weights.”” The resulting
copolymers were purified by precipitation into n-hexane to
remove any unreacted comonomer and then dried under
vacuum at 40 °C. The residual comonomer content was less
than 0.5% in all cases as determined by '"H NMR spectroscopy.
The final copolymers were viscous pink liquids, with the color
resulting from the dithiobenzoate chain-ends. GPC analysis
(DMF eluent) confirmed relatively narrow molecular weight
distributions, with copolymer dispersities (D) ranging from
1.26 to 1.35. All copolymers had absolute weight-average
molecular weights (M, ,,,) between 20 and 45 kDa, as
determined using a MALLS instrument coupled to a
differential refractometer (Table 1 and Figure S1).

The comonomer distribution critically affects copolymer
structure and properties.”® Despite aiming for statistical
copolymers, reactivity differences often lead to sequence bias.
In the present study, DMA and PEGMA were copolymerized
at feed ratios ranging from 10:90 to 40:60 while '"H NMR
spectroscopy was used to confirm that overall copolymer
compositions matched the initial feeds. Real-time 'H NMR
monitoring when using a 1:4 [DMA]:[PEGMA] comonomer
feed indicated comparable rates of polymerization for each
comonomer, with DMA reacting only slightly faster than
PEGMA. More specifically, Ky, pya = 0.0076 s~' and K,y prcasa
= 0.0067 s~', declining to 0.0033 s™" and 0.0021 s™" after 200
min (see Figure 1).

Comonomer reactivity ratios were determined using the
extended Kelen—Tiidos method (Figure 2). This approach
gave ripya = 0.88 and rppoya = 0.83 (R = 0.9913),
suggesting a slight initial preference for DMA, which is offset at

1.04n =2.2426¢ - 1.3595 L 1.0
R? =0.9913 ]
>
0.5- ¢ L 0.5
7
7
0.0 & L 0.0
7
[ >
7
05 ot L 0.5
7
> 4
7
1.0 _ @ F-1.0
7
L~
151 b 1.5
0.0 0.2 0.4 0.6 0.8 1.0
3

Figure 2. Corresponding comonomer reactivity ratio plot (@ = 0.61),
calculated using the Kelen-Tiidos method. The reactivity ratios were
r,DMA = 0.88 and r, ppgpa = 0.83, indicating comparable reactivities
for these two methacrylic comonomers.

higher conversions. Hence the resulting P(DMA-stat- PEGMA)
copolymers comprise a statistical distribution of DMA repeat
units along each chain. Further detailed calculations are shown
in Table S2.

Higher conversions led to broader molecular weight
distributions. After 20 h, DMF GPC showed a higher
molecular weight shoulder peak (MP = 40,500 g'mol™") in
addition to the main peak (M, = 22,700 g'mol '), which
suggests some degree of chain termination via combination. In
view of this, copolymerizations were quenched after 4 h to
ensure low dispersities (see Figure 3).
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Figure 3. DMF GPC traces obtained during the RAFT copoly-
merization of DMA with PEGMA, showing the evolution of M, and B
overtime (target DP = 250; target DMA content = 20 mol %)
conducted at 70 °C.

pH-Responsive Behavior in Aqueous Solution

The pH-responsive behavior of these copolymers and their
corresponding chain conformations were systematically char-
acterized using acid titration, DLS and zeta potential
measurements. Acid titrations were conducted on aqueous
copolymer solutions prepared using deionized water to
examine the correlation between net acid addition, mean
degree of protonation and solution pH. Each copolymer was
dissolved in deionized water at 1.0% w/v, and the resulting
solution was divided into two portions. These portions were
titrated to pH 2 and pH 11 using 0.1 M HCl and KOH,
respectively. Figure 4a presents typical titration curve obtained
for a PD8020:150 statistical copolymer, where the x-axis
represents the net amount of added HCI (positive values) or
KOH (negative values), respectively. A buffer region was
observed, indicating that the copolymer behaves as a weak base
and is partially protonated within a specific pH range. At pH 9,
the copolymer was fully deprotonated but its hydrophilic PEG
units ensure that the neutral chains remain water-soluble. At
pH 4.5, the DMA repeat units are fully protonated. Figure 4b
displays the same titration curve as in Figure 4a, with the x-axis
replaced by the mean degree of protonation () of the DMA
units. The pK, of the copolymer was determined to be between

6.9 and 7.0, which is slightly lower than that reported for
PDMA homopolymer in dilute aqueous solution (pK, = 7.6).>”

DLS and TEM are commonly used for nanoparticle
characterization. The former technique reports the hydro-
dynamic z-average diameter (Dy) for equivalent monodisperse
noninteracting spheres.”” TEM enables the nanoparticle
morphology to be examined but this imaging technique suffers
from relatively poor statistics and typically cannot resolve
individual copolymer chains.”" Scattering techniques also can
be employed to investigate the nanoscale structure of
polyelectrolytes. The resolution limit for MALLS (ak.a. static
light scattering, or SLS), is normally considered to be 10 nm,”
whereas the shorter X-ray wavelength employed for SAXS
allows smaller structures to be characterized. Accordingly,
copolymers were characterized using DLS, TEM, SAXS, and
MALLS.

It is well established that weak polyelectrolytes tend to adopt
a more expanded conformation in solution compared to their
neutral form owing to electrostatic repulsion between charged
repeat units.">*" Moreover, increasing the degree of proto-
nation should lead to larger copolymer coils. However, DLS
analysis indicated a reduction in D, with increasing acid
concentration. Upon full protonation of the DMA repeat units,
further addition of acid led to a slight increase in size (see
Figure Sa). To investigate these unexpected observations,
aqueous electrophoresis experiments were conducted. The zeta
potential data indicated an isoelectric point at approximately
pH 8, corresponding to the pH at which the zeta potential
crosses zero (see Figure Sb); the copolymer chains possess no
net charge at this condition, which corresponded to the
maximum Dy;. This behavior is attributed to concentration-
dependent interchain interaction effects. In polyelectrolyte and
charged copolymer systems, the apparent hydrodynamic radius
obtained from DLS is known to be influenced by electrostatic
and hydrodynamic interactions between chains. Increasing the
degree of protonation reduces these interaction effects through
enhanced electrostatic screening,”’ leading to an apparent
decrease in Dy. Although intrachain electrostatic repulsion may
contribute to conformational expansion, this effect is expected
to be relatively small compared to the contribution from
interaction-induced changes in the apparent hydrodynamic
size.

It is perhaps worth emphasizing that DLS has inherent
limitations in terms of resolution and reports a sphere-
equivalent diameter, which limits its applicability to non-
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Figure 4. (a) Acid—base titration curve recorded for a 1.0% w/v aqueous solution of the PD8020:150 random copolymer. (b) Same titration data

plotted against the mean degree of protonation, a.
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Figure S. (a) Particle size distributions obtained by DLS at various acid addition conditions. (b) Zeta potential as a function of pH for a 0.5% w/w

aqueous solution of a PD8020:150 copolymer.

spherical particles/aggregates.”> In addition, the diffusion of
charged particles in aqueous solution is highly sensitive to ionic
strength, which complicates DLS measurements.”* Conse-
quently, interpreting the solution behavior of weak polyelec-
trolytes based solely on DLS data can be misleading.
Complementary analytical techniques are essential for more
reliable information.

TEM analysis revealed a clear morphological difference
between the net neutral (~ pH 8) and fully protonated (~ pH
4) PD8020:150 copolymer chains. Relatively large, ill-defined
dried aggregates were observed at pH 8 (Figure 6a), whereas

Figure 6. Representative TEM images recorded for a dilute aqueous
solution of PD8020:150 copolymer chains: (a) net neutral (~ pH 8)
and (b) fully protonated (~ pH 4).

the corresponding protonated copolymer chains formed
smaller weakly nonisotropic structures (Figure 6b). To further
investigate the chain conformation, a series of SAXS
experiments were conducted.

SAXS Analysis

SAXS experiments were performed on aqueous copolymer
solutions to obtain a deeper understanding of the effect of
varying the cationic charge density on copolymer chain
conformation and molecular ordering in solution. Accordingly,
scattering data were recorded at various copolymer concen-
trations, salt concentrations, and solution pH.

SAXS samples were prepared by initially dissolving the
copolymer in deionized water at a relatively high concentration
of 5.0% w/w. A 0.1 M HCI solution was then added to
protonate the DMA units, resulting in cationic copolymer
chains. The [DMA]/[HCI] molar ratio was systematically
varied from 0.1 to 2.0. The correlation between acid addition
and the degree of protonation was examined by acid titration,
as discussed above. The resulting solution was diluted with

deionized water to prepare copolymer solutions at concen-
trations ranging from 0.1% to 1.5% w/w. For samples
containing added salt, aqueous solutions of HCl and KCI
were prepared at volume ratios of 2:1 and 1:1 to obtain
solutions with two distinct [HCI]/[KCI] molar ratios. These
solutions were added to the copolymer to both protonate the
DMA units and introduce background salt. The presence of
salt was expected to screen electrostatic interactions.”® This
preparation protocol was used for all SAXS samples.

Model Selection

As shown in Figure 7, the SAXS data recorded for 1.0% w/w
aqueous solutions of PD8020:150 in either acidic solution
([HCI]/[DMA] = 1.0) or deionized water exhibit significant
differences. The data obtained for the net neutral copolymer
chains in water is consistent with that expected for semiflexible
random coils in dilute solution. Within the Guinier regime, an
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Figure 7. Synchrotron SAXS data recorded for 1.0% w/w aqueous
solutions of PD8020:150 copolymer in its net neutral (red symbols)
or charged (blue symbols) state. The red data set obtained for the
neutral copolymer was fitted using three different models: a Gaussian
chain model (dashed orange line), a self-avoiding flexible chain model
(dotted green line), and a self-avoiding worm-like chain (WLC)
model (solid black line). While all three models describe the low g
region reasonably well, only the WLC model, which assumes a finite
cross-section, provides a satisfactory fit across the whole q range. The
charged copolymer (blue symbols) was fitted using the WLC model
combined with an empirical structure factor derived from PRISM
theory (black line) and the MSA repulsive structure factor (orange
dashed line). In this case, both models account quite well for
interchain electrostatic interactions.
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R, of approximately 51 A was estimated from a Guinier plot.*®
For copolymer chains lacking a well-defined surface, the
scattering intensity I(q) follows a power-law decay at
intermediate g (also known as the scaling region), such that
1(q) ~ q.*° Data fitting yielded a power law exponent, p, of
2.2. This corresponds to a chain in a slightly poor, near-theta
solveér;t,égindicating a relatively contracted coil conforma-
tion.

In acidic solution ([HCI]/[DMA] = 1.0), the SAXS data
have a strong structure peak at low g, indicating significant
interchain interactions.*® Thus, the particle size cannot be
estimated using the Guinier approximation. Instead, five
scattering models were examined in turn to fit the SAXS
data. These were (i) Gaussian flexible chains, (ii) self-avoiding
flexible chains, (iii) self-avoiding worm-like chains (WLC),
(iv) and, respectively, the same WLC with a repulsive structure
factor in MSA, and (v) with a structure factor expressed by
PRISM.>>7°

For the net neutral copolymer chains, models (i), (ii) and
(ili) (see Supporting Information for further details) each
provided satisfactory data fits in the low g region. The
Gaussian chain model neglects both local stiffness and
electrostatic interactions.”" Including excluded volume effects
certainly improves the fit but fails to account for the finite
cross-section of the chains.”> This limitation explains the
deviation of the fit from the data in the high g regime (0.2 < ¢
< 0.4 A™"), which is influenced by the finite cylindrical cross-
section of the copolymer chains. Owing to their methacrylic
backbone, these copolymer chains possess restricted flexibility
and exhibit rod-like character at short length scales. Hence,
they are more accurately described as flexible cylinders, and
their scattering profiles are best fitted using the self-avoiding
WLC model, which includes a finite cross-section (see
Equation $6).>>" This approach yielded a satisfactory fit to
the SAXS data for the neutral copolymer. The contour length
of the PD8020:150 copolymer in deionized water was
calculated to be 378 A, from the mean degree of polymer-
ization (DP = 143) determined by '"H NMR spectroscopy,
assuming a projection length of 2.5 A per repeat unit. The
fitted cross-section radius, r, value was 10.2 A, and the Kuhn
length was estimated to be 35.1 A. For completeness,
copolymer dispersity was also taken into account. The absolute
dispersity D, was calculated using the NMR-derived M,, value
and the weight-average molecular weight M,, obtained from
MALLS, giving D, = 1.1 (Equation S10). For comparison,
DMF GPC analysis gave a somewhat higher D of 1.30. The
former value was used for model fitting via the Schulz-Zimm
distribution, as described by Equation S9,”*~"° However, this
value was held constant for SAXS analysis as it is determined
independently.

For semiflexible polymers with comparable contour length
to Kuhn length, the Rg was calculated to be 51.1 A% While
the WLC model provides a satisfactory overall fit to the SAXS
data, it does not account for the upturn observed at low g. This
deviation is attributed to a minor population of aggregates, as
previously suggested for similar hydrophilic copolymer
systems.”® The fitting therefore represents an effective
description dominated by the single-chain contribution,
although some uncertainty in the extracted parameters may
arise from the low-q deviation.

For charged copolymer chains, an appropriate structure
factor must be introduced to account for the electrostatic

interactions. Common approaches for calculating the structure
factor of solid spherical charged particles interacting with a
screened Coulomb potential are based on the Hyper Netted
Chain (HNC),”’ Rogers—Youn§ closure (RY),”® or the mean
spherical approximation (MSA).”* However, the HNC and RY
models only provide numerical solutions for the structure
factor, which limits their practical use. Instead, the MSA model
is widely used for charged particles because it provides an
analytical solution for the structure factor. Nevertheless, this
model has various limitations when applied to polymer chains.
First, it neglects the connectivity of the repeat units and chain
flexibility. Second, it assumes that the particles are solid
spheres of uniform diameter with the charges located at the
surface, so any spatial inhomogeneity of the charge distribution
is ignored. Thus, although MSA may be an appropriate
simplified model for preliminary evaluation, it is not well-suited
for the analysis of (semi)flexible coils or nonspherical
particles.”® In contrast, the polymer reference interaction site
model (PRISM)>**>”° considers the topology, flexibility, and
charge-regulated structural response of copolymer chains by
combining the interchain and intrachain structural correlations,
making it particularly suitable for the analysis of charged
random coils.”® Based on the Monte Carlo simulation,*® the
following expression has been suggested:’’

VO JCLACY
o) = M°1+vc(q)P(q) (2)

where 7 is the number density of the polymer coils, v describes
the strength of the interaction, M, is the scattering mass of a
chain (equal to chain volume multiplied by excess scattering
length density), P(q) is the form factor for the backbone of the
self-avoiding semiflexible polymer chains, P.(q) is an
appropriate cross-section form factor, and c¢(q) is the Fourier
transform of the direct correlation function describing the
interaction between polymer coils. For polyelectrolytes, the
empirical form:””

i R 2 2
C(q) — Sln(q c) e(—q )
qR, 3)

describes the simulations, where ¢ describes the fuzziness of
the local ordering and R, is the effective chain-to-chain
interaction distance.

As shown in Figure 7, the quality of the fit provided by the
MSA model is comparable to that obtained with the PRISM
model. However, the various MSA parameters lack physical
significance. Consequently, despite being empirical, the PRISM
model is preferred because it provides a physically realistic
scattering model for analyzing polyelectrolyte conformations
due to its derivation from simulations. The contour length and
cross-sectional cylinder radius were determined from the data
fit for the net neutral copolymer and these two parameters
were then kept fixed for the other fits. The contour length only
depends on the mean degree of polymerization of the
copolymer chains and hence should also remain constant
regardless of the solution pH or salt concentration. The cross-
sectional cylinder radius is related to the size of the PEG side-
group. To fit copolymer chains with differing degrees of
protonation, it is assumed that these PEG side groups are not
affected by HCI or by the development of charge on the DMA
repeat units. If this assumption is valid, then the cylinder radius
must be independent of the degree of protonation of the
copolymer chains. To analyze the charged copolymer chains, a
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sequential fitting strategy was used. Structural parameters
obtained for the neutral system (contour length and effective
cross-sectional radius) were assumed invariant upon proto-
nation and fixed. The Kuhn length was taken as an initial
estimate but allowed to vary to capture electrostatic stiffening.
All PRISM interaction parameters (e.g., interaction strength
and effective interaction distance) were treated as adjustable
fitting parameters, enabling separation of intrinsic chain
geometry from charge-dependent effects. For a [HCI]/
[DMA] molar ratio of 1.0, the Kuhn length was 39.4 A and
the three parameters related to the direct correlation function
were v = 7, 0 = 44 A and R, = 51 A, respectively. The term v
represents the strength of direct interactions between charges
at different spatial scales (eqs 2 and 4). According to standard
polymer theory, at low concentration,

v =2M_A,c 4)

where A, is the second virial coefficient and ¢ is the polymer
concentration.”

Degree of Protonation and Salt Screening

After identifying the appropriate scattering model and fitting
strategy, the SAXS data obtained for PD8020:150 at varying
degrees of protonation were fitted to examine changes in the
conformation adopted by this copolymer in its neutral form,
fully protonated state, and charge-screened condition. Analysis
of the variation in the Kuhn length and charge-related
parameters revealed the relationship between the mean degree
of protonation and the chain flexibility. The contour length
determined from the neutral copolymer was assumed invariant
upon protonation and fixed. The Kuhn length was fitted to
capture changes in apparent chain stiffness, while interaction
parameters (v, 6, and R.) were treated as adjustable to describe
electrostatic-related effects. The SAXS data and corresponding
fitting curves are shown in Figure 8 and the corresponding
parameters calculated from the data fits are summarized in
Table 2.

Inspecting Figure 8, the SAXS data recorded for this
copolymer at various pH differ significantly. No obvious
structure factor was observed in either deionized water or in
the presence of excess acid, indicating that electrostatic
interactions are either weak or negligible under such
conditions. In deionized water, the near-neutral copolymer
chains experience minimal electrostatic repulsion, resulting in a
relatively compact conformation. In contrast, for excess HCl in
acidic solution, the electrostatic repulsion between the fully
protonated DMA repeat units is effectively screened owing to
the relatively high ionic strength. This attenuates the otherwise
strong interaction, thereby producing a relatively compact
chain conformation. In addition, the neutral copolymer was
fitted by assuming that there was no electrostatic interaction
between neighboring chains, i.e., the interaction parameter, v,
was fixed at zero.

An additional layer of condensed counterions may surround
the copolymer chains in the presence of excess acid.*’ This
interaction is not fully captured by the WLC-PRISM model,
resulting in a relatively large fitting deviations in low g region.
Moreover, a low level of protonation of the DMA repeat units
in deionized water results in a small electrostatic contribution
to chain stiffness, such that the effective Kuhn length is slightly
larger than that of the salt-screened copolymer. As the pH is
decreased, the copolymer exhibits the expected polyelectrolyte
response: the effective Kuhn length increases with the degree
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Figure 8. Synchrotron SAXS data recorded for 1.0% w/w aqueous
solutions of PD8020:150 at various [HCI]/[DMA] molar ratios. All
scattering data were fitted using the WLC-PRISM model. For clarity,
curves are vertically shifted by an arbitrary factor, as indicated.

of protonation due to enhanced intrachain electrostatic
repulsion.®"*” This trend can be discussed within the Odijk-
Skolnick-Fixman (OSF) framework,'®**~%* in which the Kuhn
length is written as

b=1by+ by (5)

where b is the Kuhn length, b, describes the contribution from
intrinsic backbone stiffness and b, is the contribution from the

ZZ
electrostatic interactions, b; = a ;“

) . The parameter a is a

prefactor that scales electrostatic term ZZ%/I to a physically
reasonable magnitude. It can be estimated either from
theoretical considerations or determined empirically. Under
semiquantitative conditions, this approximation is considered
acceptable.

In the present system, the observed increase in b with
protonation is consistent with an increasing effective charge
density Z.g while the comparatively large offset indicates that
the b, term makes a dominant contribution under our
experimental conditions. Notably, the pH-dependent trend in
b broadly mirrors that in A,, which is consistent with both
quantities being sensitive to the strength of electrostatic
repulsion, although their relative sensitivities differ.

Furthermore, three key parameters can be calculated by
fitting the structure factor: the strength of direct interactions
between charges at different spatial scales, v, the ordering
fuzziness o, and the effective interaction distance R, as shown
in Table 2. The v parameter gradually increases at higher
degrees of protonation, suggesting that electrostatic repulsion
plays a major role in driving the change in copolymer
conformation. Although a 1:1 [HCI]/[DMA] molar ratio
matches the stoichiometry for full protonation, the DMA
repeat units are almost fully charged at slightly lower ratios.
The parameters ¢ and R, are nearly of the same magnitude for
polymers with a clear peak ([HCI]/[DMA] = 0.5, 0.75 and
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Table 2. Summary of SAXS Fitting Results Obtained for 1.0% W/W Aqueous Solutions of PD8020:150 at Various [HCI]/

[DMA] Molar Ratios”

Form Factor

Structure Factor

[HCL]/[DMA] b (A) R, (A)
0 35.1 + 0.4 53.3
0.25 332+ 07 52.1
0.50 379 + 0.7 54.9
0.75 423+ 09 572
1.00 39.4 + 0.8 55.7
2.00 342 + 0.7 52.8

v o (A) R, (A)
N/A N/A N/A
12 + 00 30.0 + 2.7 79.8 + 32
61+ 03 467 + 6.5 45.9 + 33.0
10.1 + 0.6 439 + 3.1 64.3 £ 7.5
7.0 + 0.3 443 + 49 50.6 + 19.8
L6 £ 0.1 35.3 +37.1 15.1 £ 5674

“All Scattering Data Were Fitted Using the WLC-PRISM Model. The Copolymer Contour Length (Defined by DP), Cross-Sectional Cylinder
Radius and Dispersity Were Fixed at 378 A and 10.2 A and 1.1, Respectively. The Kuhn Length b was Fitted Using WLC Form Factor, While R,
was Calculated from the Fitted pararneters.50 Structure Factor Parameters v, 6, and R, Were Obtained from PRISM-Based Fitting.

1.0), where the strength of the interactions is larger than the
thermal energy. This is because the characteristic interaction
distance is determined by the copolymer concentration.

A similar set of experiments was conducted on PD6040:150,
which is a copolymer of comparable molecular mass with a
higher DMA content. Comparable SAXS data and correspond-
ing fitting results were obtained for this copolymer (see Figure
S2 and Table S3).

The above WLC-PRISM analysis assumes that the cross-
sectional cylinder radius of the flexible copolymer chains
remains consistent during protonation of the DMA repeat
units. At around neutral pH, this scattering model provides a
satisfactory fit to the experimental SAXS data. However, the
SAXS data gradually deviate from the data fits at high g on
addition of HCI. This is presumably related to the condensed
counterions associated with the more strongly cationic chains,
which increase the effective cylinder cross-sectional area and
change the mean electron density, thereby affecting the X-ray
contrast. This additional structural feature was not introduced
to avoid overparameterization. A quantitative description of
this layer of condensed counterions would require a more
complex electric field-density coupling model.**° In principle,
contrast matching techniques using SANS with appropriate
H,0/D,0 mixtures might provide further structural insights.87
However, such additional experiments are beyond the scope of
the current study. Instead, the interaction between the PEG
side-chains and cations was examined to assess the consistency
of the cylinder cross-sectional area.

Contraction of copolymer chains in the presence of excess
HCI was clearly observed. To investigate the effect of ionic
strength on copolymer conformation and electrostatic
interactions, SAXS experiments were performed at [KCI]/
[HCI] molar ratios of 0.0, 1.0, and 2.0 while maintaining a
constant [HCI]/[DMA] molar ratio and copolymer concen-
tration to ensure the same mean degree of protonation. This
strategy allows the effect of charge screening to be studied.

As shown in Figure 9, the structure peak gradually
disappears at higher salt concentrations. The increased salt
concentration results in a higher ionic strength, thereby
reducing the electrostatic stiffening within the OSF framework.
The observed decrease in Kuhn length is therefore consistent
with suppression of long-range intrachain electrostatic
repulsion, corresponding to a transition from a charge-
dominated extended state to a more compact copolymer
conformation.

The cylinder cross-sectional radius was treated as a fitting
parameter to capture any influence by the anticipated layer of
condensed counterions. The complex charge interactions

[KCIJHC
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Figure 9. Synchrotron SAXS recorded for 1.0% w/w aqueous
solutions of PD8020:150 at varying salt concentrations and a fixed
[HCI]/[DMA] molar ratio = 1.0. All scattering data were fitted using
the WLC-PRISM model. Salt concentrations are expressed in terms of
the [KCl]/[HCI] molar ratio, as indicated for each curve. For clarity,
curves are vertically shifted by arbitrary scaling factors, as indicated.

limited the fitting accuracy; nevertheless, added salt reduces
the Kuhn length and the structure factor parameter v, which is
consistent with charge screening. These observations confirm
that the ionic strength effectively modulates interchain
interactions (Table 3).

The dimensionless fitting parameter v obtained from the
analysis is related to the second virial coefficient (A,) via eq
4.° Using My = 41,300 g mol™, and ¢ = 0.0101 g mL™’, the
extracted A, values fall in the range 107> — 107> mol ml g2,
(see Table 4), which is comparable in magnitude to reported
values.™

For weakly charged polyelectrolytes, the effective second
virial coefficient contains an electrostatic contribution arisin%
from screened Coulomb interactions between charged units.
In the dilute limit, the electrostatic contribution is predicted to
scale with the inverse square of the Debye screening parameter
(k), hence inversely with ionic strength (1).%*** A commonly
used fitting form for second virial coefficient is*®

£l [l
efsz — A20 + C* eff B
K ' I (6)

where A, is the nonelectrostatic contribution, f. is the
effective charge fraction and C(C’) is a factor that depends on
chain properties. Deviations from the ideal I"' scaling are
; : . 780,89
potentially observed due to counterion condensation,
C g 83,84
electrostatic stiffening and many-body effects.

A1) = Ay +C
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Table 3. Summary of SAXS Data Fitting Results Obtained for a 1.0% W/W Aqueous Solution of PD8020:150 at Varying Salt
Concentrations and a Fixed [HCI]/[DMA] Molar Ratio = 1.0¢

Form Factor

Structure Factor

[KCL]/[DMA] b (A) r (A)
0.0 309 + 1.2 9.5
1.0 28.3 + 0.5 9.5
2.0 199 + 1.5 8.7

v o (&) R (A)
6.1+03 444 + 33 $5.1 + 10.9
13+03 354 + 0.5 10.0(fixed)
02+ 6.1 29.5 + 3.8 10.0(fixed)

“All Scattering Data Were Fitted Using the WLC-PRISM Model. The Copolymer Contour Length and Dispersity Were Fixed at 378 A and 1.1,
Respectively. The Kuhn Length and Cylinder Radius Were Fitted in the WLC Form Factor. Structure Factor Parameters v, 6, and R, Were

Obtained from PRISM-Based Fitting.

Table 4. Second Virial Coefficients A, Calculated from the
Fitted Interaction Parameter v at Different HCl/DMA
Ratios and KCI/DMA (HCI/DMA was Fixed at 1.0) Ratio

[HCI]/[DMA] M, / g mol™' Conc./g mL™* v A, / ml mol g2
0.25 41,300 0.0101 1.2 0.00144
0.50 6.1 0.00733
0.75 10.1 0.01210
1.00 7 0.00841
2.00 1.6 0.00192

[KCI]/[DMA] M, / g mol™* Conc./g mL™ v A,/ mlmol g™
0.00 41,300 0.0101 6.1 0.00733
1.00 1.3 0.00156
2.00 0.2 0.00024

To examine the role of electrostatic screening in the present
system, the dependence of the extracted interaction parameter
v (and equivalently A,) was analyzed using different definitions
of ionic strength. When ionic strength was calculated solely
from mobile small jons (Cl™ and excess H"), the corresponding
electrostatic scaling variable exhibited a pronounced depend-
ence on the degree of protonation, closely following the
experimental variation of v. In contrast, inclusion of a formal
macroion contribution to the ionic strength resulted in a much
weaker dependence, see Figure 10. This comparison indicates
that electrostatic screening is dominated by mobile small ions
rather than by polymer charges themselves (and that A, is

small), which is consistent with the assumptions underlying
descriptions of the Debye—Hiickel type and with the macro-
ion nature of multiple chargers on polymer chains.**”’

It is noted that this analysis concerns the dilute-solution
virial description of chain-to-chain interactions and although
we observed a peak in the intensity, it should be distinguished
from the semidilute regime, where interchain correlations also
give rise to a characteristic polyelectrolyte peak in scattering
experiments. The latter reflects correlation length physics
rather than the second virial coefficient and is not directly
addressed here.”®

As discussed above, in addition to the A, value, which is
directly correlated to the structure factor parameter v, the
Kuhn length is also closely connected to the electrostatic
repulsion, though their sensitivities are not identical. Figure 11
therefore compares the experimentally extracted b values with
the trend inferred as a function of degree of protonation.

The theoretical variation of b was estimated using a
semiquantitative OSF-type expression as stated by eq S
above. The ZZ/I was scaled by an empirical prefactor a to
bring the calculated variation into the experimentally range.
This approach is not intended as a parameter-unique fit, but
rather to illustrate that the observed trend is consistent with an
electrostatic stiffening contribution that scales with Z2/I.

Figure 11 illustrates the response of b to two electrostatic
perturbations. Increasing the degree of protonation leads to an
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Figure 10. Experimental second virial coefficient A, and scaled Zefff/ I calculated using total ionic strength and small-ion (CI7) ionic strength as a
function of HCI/DMA ratio (a) and of KClI/DMA (where HCI/DMA ratio was fixed at 1.0) ratio (b).
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Figure 12. (a) Synchrotron SAXS recorded for a series of aqueous solutions of PD8020:150 at various copolymer concentrations and a fixed
[HCI]/[DMA] molar ratio = 1.0. Copolymer concentrations are indicated in the Figure. Data are presented without vertical shifting to illustrate the
concentration-dependent shift in the structure peak. (b) Copolymer concentration dependence of the structure factor peak position g*. The dashed

line represents a power law fit to the data, indicating that ¢* scales with concentration as ¢

0.3

increase in the extracted values, consistent with enhanced
electrostatic stiffening. In contrast, added salt induces a
systematic decrease, reflecting electrostatic screening. The
opposite trends support an OSF-type interpretation in which

the electrostatic contribution scales with ZZ/I.
Effect of Copolymer Concentration

The copolymer concentration significantly affects the inter-
chain and intrachain interactions, especially during the
transition from the dilute to semidilute regime. This boundary
is defined by the critical overlap concentration, c¢*, above which
the copolymer chains begin to interact with each other.*” The
value of ¢* is given by

_3M,
47N,R]

%
C

(7)

where N, is Avogadro’s constant. For typical values, in the
present work, R, =50 A M, =43,100 g mol™}, hence ¢* = 0.14
g mL™%

However, the applicability of this approach for the analysis
of polyelectrolytes in aqueous solution is controversial:"' ="
increasing the copolymer charge density introduces long-range
electrostatic repulsion, so cationic chains may exhibit electro-
static interchain interactions at copolymer concentrations
much lower than c*.

SAXS measurements were performed at seven copolymer
concentrations (0.2, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.5% w/w) at a
fixed full degree of protonation. The copolymer concentration
was treated as the only variable to evaluate its effect on the
chain conformation. As shown in Figure 12a, the X-ray
scattering intensity and the structure peak are both reduced at
lower copolymer concentration. However, a weak structure
factor was still discernible even at 0.2% w/w, indicating
electrostatic repulsion between neighboring cationic copoly-
mer chains.

Inspecting Figure 12b, the structure peak position g* is
clearly dependent on the copolymer concentration. A plot of
q* versus copolymer concentration, ¢, reveals a power law
relationship with an exponent close to 0.3, as expected for a
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Table 5. Summary of SAXS Data Fits Obtained for Aqueous Solutions of PD8020:150 at a Fixed [HCl]/[DMA] Molar Ratio =

1.0 and Variable Copolymer Concentrations”

Form Factor

Structure Factor

Conc./% w/w b (A) r (A)
1.5 234 + 12 8.6
1.2 253+ 12 8.9
1.0 29.1 + 12 9.4
0.8 30.0 £ 1.5 9.7
0.6 19.9 + 0.9 9.0
0.4 15.7 £ 0.5 9.4
0.2 273 £ 9.5 12.5

v o (A) R, (A)
55+03 383 22 54.5 + 6.7
59 +£03 41.8 + 2.4 59.2 + 6.7
5.8 +03 434 £33 60.2 + 9.4
5.8 +02 524 + 0.7 10.0(fixed)
54+ 05 65.8 £ 1.9 10.0(fixed)
32+ 05 75.8 + 3.4 10.0(fixed)
1.1 + 04 12.8 + 6.2 10.0(fixed)

“All Scattering Data Were Fitted Using the WLC-PRISM Model. The Copolymer Contour Length and Dispersity Were Fixed at 378 A and 1.1,
Respectively. The Kuhn Length and Cylinder Radius Were Fitted in the WLC Form Factor. Structure Factor Parameters v, ¢ and R, Were

Obtained from PRISM-Based Fitting.
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Figure 13. Concentration dependence of the experimental A,, together with the scaled electrostatic term ZZ/I expected from OSF theory.”.

polyelectrolyte in dilute aqueous solution below ¢*.>**° In
contrast, the scaling relationship switches to ¢ above c*.”*
Despite the presence of a structure peak, this suggests that the
copolymer chains do not overlap or form entanglements, hence
any change in conformation is primarily governed by long-
range electrostatic repulsion. This agrees with the estimate of
c* for typical parameter values. To assess the effect of
copolymer concentration on chain conformation and inter-
chain interactions, these SAXS data were fitted using the WLC-
PRISM model at a fixed degree of protonation of the DMA
repeat units. At lower copolymer concentration, the copolymer
chains expanded, as judged by the increase in Kuhn length,
which indicates reduced chain flexibility. This is attributed to
greater separation between isolated copolymer chains, rather
than any variation in their charge density. Given the relatively
low X-ray scattering contrast between the copolymer chains
and water, the corresponding data fits should be interpreted
with caution. A summary of the fitting results is presented in
Table S.

As shown in Figure 13, the experimentally determined A,
parameter follows the same decreasing trend as the normalized

2 . . .
Z4/1 term above intermediate concentrations, as expected

from OSF theory. At the lowest concentrations (< 0.4 wt %),
the extracted values exhibit larger scatter and deviate from the
simple OSF trend. This regime is characterized by reduced
scattering contrast and stronger parameter correlations in the
fitting procedure. At higher concentrations (>0.5 wt %),
however, a clear systematic trend emerges: the decrease in A,
closely follows the reduction in the normalized ZZ /I term.
This behavior is consistent with an OSF-type electrostatic
contribution to chain stiffness. The sizable offset indicates that
the intrinsic Kuhn length b, dominates the absolute magnitude,
while the electrostatic term primarily governs the observed
concentration dependence in the semidilute regime.

The deviation at the lowest concentrations may reflect
additional screening contributions not captured in the simple
OSEF description. In particular, residual counterions, macro-ion
effects, or incomplete removal of low-molecular-weight species
could contribute to the effective ionic strength at very low
polymer concentrations. Such effects would modify the
effective screening length and lead to departures from the
ideal I"! scaling.

For polyelectrolyte solutions with known concentrations,
Plazzotta et al. proposed an alternative method to determine
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Figure 14. (a) Molecular weight distributions recorded for the polydisperse precursor copolymer prepared by conventional free radical
copolymerization and its quaternized analogue. (b) M,, 4, vs R, plot obtained for the nonprotonated precursor FRP copolymer and its cationic
quaternized analogue in aqueous eluent at pH 10 using GPC-MALLS with PMMA standards.

the molecular weight using SAXS, in which the M, is correlated
with q*.”> This approach features simple data analysis and is
independent of the polymer’s chemical structure. It has already
been applied to polymers with diverse architectures and
chemical compositions.”” The calculation follows eq 8:

_ CwNA(Zﬁ”/q*)3

M, 4 (8)

where C,, is the mass concentration of the polyelectrolyte. It is
important to note that this relationship requires sufficient
contrast between the sample and solvent, polymer concen-
trations well below the c*, and the sample must be charged. By
extracting g* values from the concentration series of SAXS
data and calculating the Cy-q* relationship, the M, of the
PD8020:150 sample was determined to be 34,500 + 1,600 g-
mol™" (corresponding to M,, = 38,000 + 1,800 g-mol~" with D
= 1.1). This result is comparable to the M, obtained from
MALLS (41,300 g'mol™') measurements and falls within a
10% deviation.”

Quaternization of P(DMA-Stat-PEGMA) and
Characterization of Chain Dimensions

To investigate polyelectrolyte behavior over a broader
molecular weight range, a polydisperse random copolymer,
denoted P(DMA,,-stat-PEGMA;), was synthesized via free
radical copolymerization. This copolymer exhibited a relatively
broad molecular weight distribution that ranging from a few
thousand to several million g'mol™'. The pendant tertiary
amine units were subsequently quaternized to form quaternary
ammonium groups (denoted as P(QDMA,,-stat-PEGMA5)),
thereby imparting permanent cationic charge that is
independent of solution pH. Both P(DMA,,-stat-PEGMA, )
and P(QDMA,,-stat-PEGMA,g) were analyzed by aqueous
GPC-MALLS. An aqueous eluent was selected for this
comparison because the quaternized copolymer proved to be
insoluble in DMF.

Figure 14a depicts the aqueous GPC curves for each
copolymer. The M,, and D for the free radical polymerized
copolymer were 84.8 kg:mol™ and 3.1S, respectively. As the
GPC analysis provides relative molecular weight values based
on PMMA calibration standards, the absolute value of the
dispersity should be interpreted with caution. Quaternization
of the precursor resulted in an increase in its apparent M,
while the dispersity remained essentially unchanged. It should

be noted that this M, value is relative, as calibration was
performed using poly(methyl methacrylate) standards.

A MALLS detector was coupled to the aqueous GPC
instrument, and a refractive index detector was employed to
determine the copolymer concentration based on the known
differential refractive index increment (dn/dc) for each sample.
For polyelectrolytes, uneven distribution of ions between the
polymer coil and bulk solution can lead to a difference in
chemical potential, which is referred as the Donnan effect. This
effect may affect the measured dn/dc values and consequently
the accuracy of the molecular weight.”® In the present work,
measurements were conducted in a pH 10 eluent with ionic
strength significantly higher than the copolymer concentration
(and chargeable unit in the polymer). Under these conditions,
electrostatic interactions are strongly screened and the
influence of ion partitioning on dn/dc is expected to be
minimal, as reported in previous studies.”” ™% Therefore, the
absence of dialysis is not expected to significantly affect the
accuracy of the molecular weight determination. The dn/dc
values were measured for four higher molecular weight
copolymers at pH 10 eluent and increased with higher DMA
content. Although PDMA homopolymer is not water-soluble
at pH 10, extrapolation yielded a dn/dc of 0.172 mL-g™" for
this homopolymer under such conditions, which is comparable
with values previously reported in acidic aqueous solution.'*’
(Figure S3)

GPC analysis involves fractionation based on hydrodynamic
volume, with long chains eluting prior to short chains. Hence
the MALLS detector can simultaneously and continuously
detect the M, and R, Given the relatively long laser
wavelength (650 nm) and the poor sensitivity of MALLS for
the analysis of dilute copolymer solutions (<0.001 g-dm™?), R,
values below 20 nm are unreliable. Figure 14b shows R; as a
function of M,, for P(DMA-stat-PEGMA) and P(QDMA-stat-
PEGMA) at pH 10, with M, values of less than 700 kg:
mol™! and R, values greater than 20 nm. A R, ~ M, scaling
relationship was observed, where the Flory exponent v = 0.45 is
related to the solvent quality and the scaling of polymer size,’
hence the inherent flexibility of the copolymer chain.
According to the polymer physics literature, unperturbed
chains that adopt a flexible random walk scale as R, ~ M2
LOH1OL10% which corresponds to a typical Gaussian coil under -
conditions. In contrast, R, ~ MVOV'588 for flexible chains
dissolved in a good solvent that adopt a self-avoiding random
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walk,*'%V1%% while R, ~ M2 s characteristic behavior for
collapsed coils in a poor solvent.'* This parameter is indirectly
defined by the exponent appearing in Equation S3 of the
scattering function used to describe the SAXS data shown in
Figure 7. The lower v value of 0.45 indicated by MALLS
analysis compared to v = 0.60 from SAXS for the neutral chains
is attributed to the reduced solvation of the copolymer chains
in the presence of added salt.'®> However, this is consistent
with random coils over the whole measurement range
accessible by MALLS, since the chains are nonprotonated at
pH 10 (GPC eluent) so electrostatic interactions are screened
and the solution structure factor is minimized, see Figure 10.
Hence the self-avoiding chain model is applicable for both
charged and neutral copolymer chains with a sufficiently long
contour length under such conditions. The presence of PEG
side chains ensures good solvent conditions. Under the
experimental salt conditions, electrostatic interactions are
sufficiently screened such that the conformational behavior
of both neutral and charged copolymers can be reasonably
described by the worm-like chain (WLC) model including
excluded volume within the probed length scales.

A calculation using eq 1 based on the data set shown in
Figure 14 gives b = 39.8 A for the neutral and 43.4 A for the
quaternized random copolymers, respectively. The Kuhn
length derived from MALLS are slightly larger than those
obtained from SAXS. This difference is expected given the
distinct experimental conditions (e.g, solvent composition,
ionic strength and concentration) and the different analysis
approaches (calculation in MALLS versus direct form factor
fitting in SAXS). Therefore, quantitative agreement between
the two techniques is not anticipated. Instead, consistency in
the order of magnitude and the observed trend. An increase in
chain stiffness upon charging should be considered meaningful.
This level of agreement supports the physical interpretation of
charge-induced chain expansion and stiffening, while not
implying equivalence between the absolute values of
persistence length obtained by the two methods Table 6.

Table 6. Comparison of Kuhn Lengths
SAXS (PD8020:150) MALLS (PD8020:FRP)

b (A) Neutral b (A) Charged b (A) Neutral b (A) Charged
35.1 423 39.8 434

Interactions Between Poly(ethylene glycol) and Salt

In the above discussion, it was implicitly assumed that the PEG
side-chains served only to enhance the aqueous solubility of
the copolymer and that this nonionic component did not
interact with either salt or acid. However, several studies
suggest that PEG can interact with various anions and
cations.' ™' For example, Cao et al. reported that PEG
homopolymer becomes protonated below pH 9.'°” Moreover,
Rogers et al. found that longer PEG chains interacted more
strongly with thiocyanate anion (SCN™)."'%® Similarly, Maltesh
and Somasundaran found that various cations influence the
conformation of PEG chains.'*® In principle, such ions may
also affect the copolymer conformation at various salt
concentrations and solution pH. Demonstrating that these
effects are negligible for the present P(DMA-stat-PEGMA)
system is important for validation of the WLC-PRISM model.
Accordingly, a P(PEGMA) homopolymer was synthesized for
SAXS analysis under identical solution conditions to

investigate whether the PEG side-chains significantly influence
the copolymer chain conformation. The SAXS data recorded
for this P(PEGMA) homopolymer dissolved in deionized
water or in the presence of 6.0 mM HCI are essentially
identical, confirming that its chain conformation is independ-
ent of the solution pH (Figure 15). Refining the flexible

x10'
29 H:0 R =525A
107" - slope = 0.54
- &0." 6.0mM HI
£ 107
o
g
~ 103 Ry=526A
slope =0.54
10+
0.01 0.1

q/A?

Figure 15. SAXS data recorded for 1.0% w/w aqueous solutions of
P(PEGMA) homopolymer random coils using a Xeuss 2.0 instru-
ment. The flexible polymer chain model (which accounts for excluded
volume) was fitted to determine the mean R, for the random coils
formed by this neutral homopolymer in deionized water (blue data)

and in 6 mM HCI aqueous solution (green data).

polymer model to account for the effect of excluded volume,
the R, and power law slope were calculated to be 52.5 A and
0.54 in deionized water and 52.6 A and 0.54 in the presence of
6.0 mM HCI, respectively. Thus, notwithstanding their role in
diluting the cationic charge density, PEGMA repeat units act
solely as a passive nonionic hydrophilic component when
studying the conformation of the random copolymer
polyelectrolytes reported herein.

B CONCLUSIONS

A series of weakly basic P(DMA-stat-PEGMA) random
copolymers was employed as a model system for investigating
the effect of varying the charge density on the chain flexibility
of polyelectrolyte chains. The random architecture of the
copolymer chains was confirmed by determining comonomer
reactivity ratios by 'H NMR spectroscopy. The pH-responsive
behavior was quantified using acid—base titration and zeta
potential measurements, establishing a direct relationship
between the degree of protonation and the resulting charge
density along the copolymer chains. DLS and TEM studies
indicated subtle changes in size and chain conformation on
addition of acid, revealing the role of electrostatic repulsion on
the solution behavior of these random copolymers. SAXS
analysis provided detailed insight into the various chain
conformations adopted by such neutral/charged copolymers
and the self-assembly of the copolymer chains in solution.
Introducing a WLC-PRISM model enabled calculation of key
structural parameters, including the mean Kuhn length,
interchain interaction strength, interaction fuzziness, and the
effective interaction distance.

At around neutral pH, the copolymer chains adopt a
relatively compact coil conformation, which expands at low pH
due to intrachain electrostatic repulsion as the cationic charge
density per chain builds up. Salt screening experiments
indicated that electrostatic interactions are significantly
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attenuated at high ionic strength, resulting in a shorter Kuhn
length and smaller, more compact coils. Systematic variation of
the copolymer concentration also suggested the influence of
interchain repulsion on coil conformation in the dilute regime.
The scaling behavior of the position of the structure peak with
copolymer concentration was consistent with prior studies of
aqueous solutions of polyelectrolytes.””*® GPC-MALLS
measurements were conducted to examine the molecular
weight dependence for the coil size. Comparison between the
weakly cationic P(DMA-stat-PEGMA) precursor and its
permanently charged analogue, P(QDMA-stat-PEGMA),
revealed a consistent trend of charged coil expansion across
the entire molecular weight range, suggesting the generality of
charge-induced swelling for such systems.

Opverall, this study confirms that the chain conformation of
such weakly basic random copolymers is governed by charge
density, ionic strength and copolymer concentration. The
WLC-based framework combined with a PRISM interaction
term provides a consistent and physically meaningful
description of chain conformation under the stated aqueous
solution conditions, enabling accurate quantification of chain
stiffness and electrostatic interactions. The intrinsic chain
stiffness was quantified by the underlying WLC model, while
charge interactions must be considered to capture electrostatic
contributions. This combined approach offers a practical basis
for interpreting scattering data acquired for weak polyelec-
trolyte random copolymers in aqueous solution.
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